Abstract-The application of subsensory noise stimulation over the lower limbs has been shown to improve proprioception and postural control under certain conditions. Whereas the effect specificity seems to depend on several factors, studies are still needed to determine the appropriate method for training and rehabilitation purposes. In the current study, we investigated whether the application of subsensory electrical noise over the legs improves proprioceptive function in young and older adults. We aimed to provide evidence that stronger and age-related differential effects occur in more demanding tasks. Proprioceptive function was initially assessed by testing the detection of passive ankle movement (kinesthetic perception) in twenty-eight subjects (14 young and 14 older adults). Thereafter, postural control was assessed during tasks with different sensory challenges: i) by removing visual information (eyes closed) and; ii) by moving the visual scene (moving room paradigm). Tests performed with the application of electrical noise stimulation were compared to those performed without noise. The results showed that electrical noise applied over the legs led to a reduction in the response time to kinesthetic perception in both young and older adults. On the other hand, the magnitude of postural sway was reduced by noise stimulation only during a more challenging task, namely, when the optical flow was changing in an unpredictable (nonperiodic) manner. No differential effects of stimulation between groups were observed. These findings suggest that the relevance of proprioceptive inputs in tasks with different challenges, but not the subjects' age, is a determining factor for sensorimotor improvements due to electrical noise stimulation. Ó
INTRODUCTION
Falls in older adults represent a major public health problem with serious consequences. Besides carrying high costs with health care utilization and institutionalization, physical injuries due to falls result in several secondary consequences such as reduced mobility, caused either by the fall-related injuries themselves or by fear of falling. Despite perceiving themselves at higher risk of falls, older adults are often reluctant to adhere to interventions and to use assistive devices (Aminzadeh and Edwards, 1998) . Therefore, appropriate solutions for improving sensorimotor function need to be implemented in order to prevent falls and promote welfare in fragile individuals, especially those who resist participating in preventive and rehabilitation programs.
Falls can be avoided by efficient postural actions, which depend on complex interactions between environmental constraints, task demands and motor control in order to keep the center of mass within the base of support. Balance and gait impairments, in addition to sensory dysfunction, weakness, cognitive deficits and use of specific medications are the main intrinsic factors that increase the risk of falls in older adults (Tinetti and Kumar, 2010) . However, the severity of the risk factors many times is only identified after at least one fall, increasing the probability of further falls (Tinetti and Kumar, 2010) . Thus, the identification and treatment of the risk factors in early stages may result in a significant impact for fall prevention.
Postural control involves an intricate relationship between sensory information and muscle activity and can be investigated by manipulating sensory cues and observing the corresponding postural responses. For instance, the unavailability of visual cues (i.e., eyes closed) already destabilize upright stance, especially for older adults, although age-related postural control changes are more evident in more demanding tasks http://dx.doi.org/10.1016/j.neuroscience.2017.06.045 0306-4522/Ó 2017 IBRO. Published by Elsevier Ltd. All rights reserved. (Prioli et al., 2006; Toledo and Barela, 2014) . Moreover, a sensory conflict situation generated by the moving room paradigm was shown to be a sensitive method for detecting postural control impairments in older adults (Prioli et al., 2006; Toledo and Barela, 2014) . In this paradigm, the visual field movement has a destabilizing effect due to the sensory conflict situation (i.e., visual cues indicate that a movement is occurring whereas somatosensory and vestibular cues do not).
In order to resolve a sensory conflict situation, the postural control system must constantly reweight the importance of the available sensory cues (Jeka et al., 2008; Barela et al., 2013; Genoves et al., 2016 ) a functional process that is impaired in older adults (Prioli et al., 2006; Barela et al., 2013; Toledo and Barela, 2014) , predisposing them to increased instability and falls. Actually, worse postural performance in the moving room situation was related to reduced kinesthetic perception at the ankle joint (Toledo and Barela, 2014) . Proprioceptive impairment in the lower limbs has been considered, among other sensory changes occurring due to aging, the main contributor to balance loss in older adults (Fitzpatrick and McCloskey, 1994; Lord and Ward, 1994; McChesney and Woollacott, 2000; Toledo and Barela, 2014) .
These findings indicate the need to uncover methods that would improve somatosensory lower limb functioning. An emerging approach has shown that joint proprioception can be improved when noisy stimulation is applied over the limbs (Collins et al., 2009; RibotCiscar et al., 2013) . The premise is that the detection, transmission and discrimination of sensory signals are enhanced by the addition of mechanical or electrical noise, a phenomenon known as stochastic resonance (SR) Moss et al., 2004; McDonnell and Abbott, 2009 ). Application of an optimal noise level is suggested to lead to appropriate small amplitude fluctuations in transmembrane potentials, bringing neurons to reach threshold even to an initial subthreshold stimuli (Volgushev and Eysel, 2000) . Stochastic resonance associated with sensory function may yield global changes in the motor control system. i.e., reduced postural sway in adults (Gravelle et al., 2002; Priplata et al., 2002 Priplata et al., , 2003 Priplata et al., , 2006 Magalhaes and Kohn, 2011 Kimura and Kouzaki, 2013; Lipsitz et al., 2015) . Importantly, postural sway reductions during noisy stimulation were also observed in individuals with sensorimotor impairments, such as patients after stoke (Priplata et al., 2006) , individuals with ankle instability (Ross et al., 2007) and in older adults subjected to cutaneous stimulation of the foot soles (Priplata et al., 2003; Dettmer et al., 2015; Lipsitz et al., 2015) .
Despite some studies that have shown that the application of noise over the limbs improves the functioning of the proprioceptive system specifically (Collins et al., 2009; Ribot-Ciscar et al., 2013) , such effects have not yet been reported for older adults. Thus, the aim of the present study was to investigate the effect of subsensory electrical noise on kinesthetic lower limb perception in older adults in comparison to young adults.
Moreover, we investigated whether the same stimulation parameters used during the kinesthetic perception assessment can induce postural improvements during conditions of visual input manipulation (eyes closed and moving room condition). Whereas recent studies with vibratory noise have shown that SR effects in reducing postural sway are more expressive in older versus young adults (Priplata et al., 2002; Wu et al., 2007; Dettmer et al., 2015) differential effects seem to be dependent on the task demand. For instance, during a sensory conflict task (i.e., moving visual surrounding), addition of mechanical noise improved postural control in older adults (Dettmer et al., 2015) but no effects were observed in young adults (Keshner et al., 2014; Dettmer et al., 2015) . On the other hand, no effects of SR mechanical stimulation on postural control were obtained during translation of support surface in both young and older adults (Borel and Ribot-Ciscar, 2016; Dettmer et al., 2016) . Considering that SR effects on motor control still need to be further understood, the goal of the present research was to verify if there are age-related differential SR effects when electrical noise is applied during tasks with different sensory (visual) demands. The efficacy of electrical noise stimulation on sensorimotor functioning investigated in the current study provides data that help in the selection of the most appropriate stimulation technique (electrical or mechanical) for rehabilitation purposes, based on the intended effects.
In the current study, we investigated the effect of SR on ankle proprioceptive function in situations with different task demands. In a first scenario, proprioceptive function was assessed isolated from other systems, by testing the detection of passive ankle movement (kinesthetic perception). Thereafter, SR effects were investigated during postural tasks involving reweighting processes, in which the importance of the somatosensory system was upweighted, either by removing visual information (eyes closed) or by moving the visual scenario (moving room paradigm). The movement of the room occurred in two different ways: simple (single frequency) and complex (sum of three frequencies resulting in a nonperiodic movement). Complex room movement conditions further challenge posture control function because more accurate sensory signals are required from the ankle joint for both older and young adults (Toledo and Barela, 2014) . Whereas individuals with nearly optimum baseline performance could not benefit from SR stimulation (Priplata et al., 2006; Dettmer et al., 2015) , stochastic electrical stimulation applied on the lower limbs is expected to improve postural control in young adults only for the more demanding task (i.e., complex room movement). On the other hand, we hypothesize that postural control in older subjects will be susceptible to the stimulation effects even for less demanding tasks, (i.e., eyes closed and simple room movement). Regarding the SR effects on the response time to kinesthetic perception, older adults are expected to benefit more than young adults from the electrical stimulation.
EXPERIMENTAL PROCEDURES Participants
Fourteen healthy community-dwelling older adults (70.68 ± 4.72 years) (OA) and 14 young adults (29.79 ± 2.12 years) (YA) adults (9 females in each group) participated in this study. The older participants were chosen among those who had not been enrolled in any regular physical activity program (for at least three years), had not suffered any falls in the last two years, had no vestibular impairment, pain, visual, osteomuscular and/or neurological disorders, and had not made use of benzodiazepine or antidepressant drugs. All subjects were right-footed, where footedness was self-reported as to which foot would be chosen for kicking a ball and was confirmed by the observation of the foot chosen to step on the weighing scale.
Procedures
This study was conducted in accordance with the Declaration of Helsinki and its procedures were approved by the Institutional Ethics Committee. In addition, all procedures were carried out with adequate understanding and written consent from each participant.
Electrical stimulation
The electrical stimulation consisted of a zero-mean Gaussian bandpass filtered noise with a bandwidth from 5 to 1,500 Hz ( Fig. 1A shows a sample time series and Fig. 1B shows the corresponding power spectral density), generated via a LabView-based system (National Instruments, USA) and applied to the subject through two STMISOL stimulus isolation units (BIOPAC Systems, Inc.), one for each leg. Pairs of flexible siliconstimulating electrodes (12 Â 7 cm) were fixed bilaterally over the posterior side of the subjects' legs. The proximal electrode was positioned midway just below the inferior margin of the two heads of the gastrocnemius muscles. The distal electrode was placed 3 cm below the proximal electrode.
An intensity of stimulation was pre-defined in the Labview software. The generated signal was transmitted to a potentiometer box, which permitted individual adjustments (by means of knobs) of the intensity of stimulation to be applied on each leg. The stimulus signals were then transmitted from the potentiometer box to the STIMSOL units and then to the electrodes. For the definition of the stimulation intensity to be used for a given subject, a clearly perceptible stimulus (maximal RMS of stimulation varying between 5 mA and 8 mA) was initially applied to one leg during 10 s. Then, the stimulus was applied to the other leg and the subject reported whether the intensity of stimulation was similar between the legs. Intensity adjustments (by means of the potentiometer box) were made until the intensities were similarly perceived in both legs. Progressively weaker stimuli were then applied until both were below perception. Sensory threshold (ST) was defined as the highest intensity of electrical noise stimulation that the subject was unable to perceive (for at least three stimulation trials). Increments and decrements around the highest unperceivable intensity were performed in order to confirm the ST. The ST was individually obtained for each subject and for each assessment (one intensity for kinesthetic perception and one intensity for posture control). For the assessment protocols, the stimulus intensity was individually set at 90% of the respective ST. At this stimulation intensity, the subjects were not aware of the treatment condition and no electrically induced muscle contractions occurred. The choice of the intensity level at 90% ST was based on a previous study (Magalhaes and Kohn, 2012) which indicated that electrical noise stimulation at this intensity was effective in decreasing postural sway in comparison to the control condition. The intensity of stimulation was the same throughout each specific protocol. The subject was asked periodically if he had felt any kind of electrical stimuli and the answer was invariably no. Since the electrical current level applied to the subjects could not be measured during the original experiments due to the analog hardware method of final intensity adjustments (made through knobs), extra experiments were posteriorly performed with a sample of 10 agematched (YA = 30.00 ± 4.80 years old; OA = 69.00 ± 3.94 years old) subjects for estimating the stimulation level ranges corresponding to the present experimental protocol. The sensory threshold for young adults was obtained for RMS current value equal to 1.72 mA (±0.27, N = 5) and for older adults 1.11 mA (±0.33, N = 5). The individual ST values (in mA) obtained, in ascending order, were: 1.45; 1.50; 1.70; 1.85; 2.10 for YA and 0.70; 0.95; 1.00; 1.40; 1.50 for OA. 
Kinesthetic perception assessment
The assessment of kinesthetic perception was performed similar to our previous studies (Toledo and Barela, 2014; Toledo et al., 2016a) . Briefly, participants were seated with knees maintained at 90°and trunk at approximately 120° (Fig. 2) . Their right foot rested on a pedal, which was passively dorsiflexed at 0.5°/s for 5 s, from a starting ankle angle set at 90°, and then returned to the basal angle with similar speed and duration (i.e., total movement last for 10 s). Participants were instructed to keep their eyes closed and press a button with their right thumb as fast as possible whenever the ankle dorsiflexion movement onset was detected. Passive movement was performed at random intervals, starting between 3 and 9 s after a verbal preparatory signal. Five 4-min trials were performed with 2-min rest in between, totaling 60 movements. Out of 60 movements, 30 were performed with electrical noise stimulation (ES condition), and 30 without electrical stimulation (NES condition), randomly distributed in each trial. The electrical stimulation lasted 7 s, starting 2 s before the ankle movement onset and ending when the movement direction inverted to plantarflexion. The pedal's movement was produced by a system consisting of a servo-motor (AC Brushless Servo-Motor, Model SWA-40-1.6-30), a reducer (Dynabox Medium -France) and servo electronics (Weg -Brazil). The analog signal to command the servo-controller was generated via Labview software (National Instruments, USA). The pedal's movement was registered using IRED emitters of an Optotrak system (Certus, NDI, Inc.) and the position signal was acquired at a sampling frequency of 100 Hz.
Postural control assessments
Postural control was assessed in three conditions, in the following order: i) eyes closed (EC); ii) eyes open with simple movement of the room (SM); and iii) eyes open with complex movement of the room (CM) (Fig. 2) . For the EC condition, each trial lasted 30 s whereas for the SM and CM conditions, each trial lasted 60 s. Six trials were performed for each condition (3 ES and 3 NES), randomly distributed. For the ES condition, the electrical stimulation was applied during the whole trial. Participants stood barefoot with feet apart at shoulder width and were asked to stand, as still as possible, inside a moving room. For the SM and CM conditions, participants were also instructed to keep looking at a target (white circle, d = 5 cm) placed 1 meter away at eye level. The moving room consisted of three walls and a ceiling (2 m long Â 2 m wide Â 2 m high), with wheels placed on linear rails so that it could be moved backward and forward (walls and ceiling moved, the floor did not). The walls were an alternation of white (42 cm wide) and black (22 cm wide) vertical stripes, which enhanced the contrast of the surround visual information. Two 20-watt triple tube compact fluorescent light bulbs were placed horizontally on the backside of the ceiling and directed to the front wall to maintain the same luminosity throughout the data collection. The room was moved by a servomotor system composed of a linear guide (Ottime, model PL6-90C-LD-MT-RC), a stepper motor (Ottime, model SM3452808), and a motor driver (Ottime, model MBD-8080DC) and controlled by a specific software (Motion Planner 4.3). In the SM condition, the room movement consisted of a pure sinusoidal motion with a frequency of 0.2 Hz, peak-topeak displacement of 1.1 cm and peak velocity of 0.69 cm/s (Fig. 3) . In the CM condition, the room movement consisted of a sum of three sinusoids, with frequencies of 0.1, 0.3 and 0.47 Hz and peak-to-peak displacement of 3.8 cm. These movement parameters were based on a previous study that showed differences in the postural control between young and older adults in these conditions (Toledo and Barela, 2014) . Body sway and moving room displacements were obtained using an Optotrak system with an IRED marker measuring the position of the fifth thoracic vertebra (PFTV), and another IRED marker placed at the frontal wall. The marker position signals were acquired at a sampling frequency of 100 Hz. For both body sway and moving room data, a low-pass filter was applied (5 and 10 Hz, respectively).
Data analyses
For the assessment of kinesthetic perception, the response time (RT) was calculated as the temporal difference between the movement onset and the signal generated by button pressing. Responses that took longer than 4 s to occur were discarded from the analysis.
For the postural control assessment in EC condition, trajectory, mean sway velocity (MSV) and mean body sway amplitude (MSA) were computed as dependent variables, the last two being calculated in both anterior-posterior (AP) and medial-lateral (ML) directions.
Trajectory (actually, trajectory length) was estimated Fig. 2 . Schematic representation of the experimental protocol. Firstly, the proprioceptive system was tested: the subject was seated and pressed a button with his right hand when he felt his right foot moving. Thereafter, postural control was tested under eyes closed with no room movement (EC), and under eyes open during simple and complex movements of the room (SM and CM respectively). Room movement waveforms for SM and CM conditions are displaced at the bottom. All assessments were performed both with and without electrical noise stimulation. using the Pythagorean theorem applied to the samples of PFTV in the AP and ML directions. MSA was calculated as the standard deviation of the body sway signal (PFTV) in the AP and ML directions during the whole trial. MSV was computed as the mean of the absolute values of the instantaneous velocities (computed by the differences between adjacent samples of the respective PFTV signals) in the AP and ML directions. For the trials in which the room was moved (SM and CM), MSA, coherence and gain were also computed, the last two being explained in what follows. Coherence indicated the coupling strength in the frequency domain between the visual input (modulation of the optic flow by the moving room) and body sway. Coherence (or magnitude-squared-coherence) was computed as the ratio of the absolute value squared of the crossspectrum of the two signals (body and room sway) and the product of the auto-spectra of body sway and room sway. Coherence values were considered to be significant if they were above the confidence level (CL) (Rosenberg et al., 1998) given below:
where n is the number of segments used in the computation of the spectra that result in the coherence function, and a is the desired level of confidence (0.05). For the coherence analysis, the signals recorded from three trials in each condition were concatenated, creating a 180-s data series and then, divided into 18 segments of 1-s duration, allowing a frequency resolution of 0.1 Hz. For each subject, the CL was 0.016. For the SM condition, the only frequency of interest in the coherence analysis was 0.2 Hz, whereas for the CM conditions the coherence analysis focused on three frequencies (0.1, 0.3 and 0.5 Hz). The frequency of 0.5 Hz in the analyses of coherence and gain (see below) was chosen as being the closest frequency to the 0.47-Hz component of the optic flow input, due the 0.1-Hz resolution of the analyses. A coherence value close to one at a given frequency indicates a strong association between the two signals at that frequency.
Conversely, coherence values close to zero indicate independence between them.
Gain was defined as the ratio between body sway amplitude (PFTV) in the AP direction and room movement amplitude at a frequency of room movement. It quantifies the influence of visual manipulation provided by the moving room on body sway. Similarly to coherence calculations, gain values were also calculated for only one frequency (0.2 Hz) for the SM condition, and for three frequencies (0.1, 0.3 and 0.5 Hz) for the CM condition. Gain values smaller/larger than one indicate low-/high-induced body sway due to visual manipulation.
All data processing and variable calculation were performed through custom routines written in MATLAB (Math Work Inc., USA).
Statistical analyses
As normality and homogeneity assumptions were accepted by appropriate tests, analysis of variance (ANOVA) and multivariate analyses of variance (MANOVAs) were conducted. A one-way MANOVA was conducted to test whether the participants' height and the weight were similar between groups. For the remaining analyses, groups (YA and OA) and conditions (NES and ES) were the factors, the latter being treated as a repeated measure.
For the proprioceptive assessment, a two-way ANOVA was initially conducted for comparison of the number of valid trials obtained for each group and condition. Another two-way ANOVA was conducted to compare the RT between the independent variables. This analysis tested the hypothesis that both young and older adults would improve the RT with the application of noise, with older adults improving significantly more than young adults.
For the postural control assessment in the EC condition, a two-way ANOVA was performed for trajectory. Two additional two-way MANOVAs were conducted for the following dependent variables: MSA AP and MSA ML for the first MANOVA and MSV AP and MSV ML for the second MANOVA. For the SM condition three two-way ANOVAs were performed, one for each dependent variable (MSA in the AP direction, gain and coherence). Finally, for the CM condition, a two-way ANOVA was conducted for the dependent variable MSA in the AP direction. Additional two MANOVAs were conducted, being the first for the gain values at 0.1, 0.3 and 0.5 Hz as the dependent variables and the second for the coherence values at 0.3 and 0.5 Hz as the dependent variables. Coherence values at 0.1 Hz were not included in the statistical analyses since a weak coupling between signals was observed at this frequency (see Results session). We hypothesized that postural sway would be reduced by the application of noise in all the conditions for the older group, whereas the young group would present a reduction only for the CM condition. For each analysis, partial eta-squared (g 2 p ) indicated the effect size, which was considered high when the index was higher than 0.14 (Tabachnick and Fidell, 2007) . When necessary, Tukey's HSD post hoc tests were conducted.
In order to investigate the relationship between proprioceptive and postural control improvements with the application of noise stimulation, Pearson's correlation coefficients were computed between RT and postural control variables that differed between NES and ES. For the correlation analyses, the percentage of change of the variables in the ES condition with respect to the NES condition was used.
All analyses were performed using the software package SPSS (SPSS 15.0 for Windows), with statistical significance set at P < 0.05.
RESULTS

Anthropometric measures
The average height and weight of the young participants were 1.65 (±0.08) m and 64.73 (±12.24) kg, respectively. For the elderly group, the average height and weight of the participants were 1.63 (±0.9) m and 65.89 (±11.44) kg, respectively. Anthropometric measures were not statistically different between groups (P > 0.05).
Kinesthetic perception
The mean number of valid trials for the YA group was 24 (±8) for both NES and ES conditions. For the OA group, 24 (±6) valid trails were obtained for both NES and ES conditions. The number of valid responses did not differ statistically between groups and conditions and no interaction was obtained between groups (P > 0.05).
The mean response times for the young group were 1.41 (±0.26) s and 1.37 (±0.31) s for the NES and ES conditions, respectively. For the older group the mean response times were 2.15 (±0.47) s and 2.03 (±0.42) s for the NES and ES conditions, respectively, i.e., a 120-ms decrease in the average. The statistical values (P, F and g 2 p ) obtained from ANOVA are shown in Table 1 . The analyses showed that RT was reduced when the electrical noise was applied and was shorter for the young as compared to the older group. Table 1 . ANOVA revealed significant interaction between the group and condition factors for trajectory. Post Hoc analyses revealed that the trajectory was larger for the OA group only for the NES condition. For the MSA variable, no differences were obtained between group and stimulation condition factors. In addition, no interaction between the factors was obtained. On the other hand, for the MSV variable, despite significant main effects were not obtained for both group and stimulation condition factors, significant interaction between group and condition was found. Univariate analyses showed that the interaction was significant only for the AP direction. Post hoc analyses revealed that the MSV AP was higher for the OA group only for the NES condition.
Postural control
The results obtained for MSA, gain and coherence variables for the SM condition are shown in Fig. 5 . All subjects showed coherence values above the CL (0.016) and the analyses revealed no significant differences between the groups for the variables analyzed. Also, no differences were found between the stimulation conditions. In addition, no interaction between the factors was found. The statistical results are shown in Table 1 .
The results obtained for the CM condition are depicted in Fig. 6 and Table 1. The analyses showed that the sway amplitude (MSA) was reduced in both age groups when the electrical noise was applied. Moreover, body sway was lower for the young as compared to the older group. For the gain variable, no differences were obtained for both group and condition factors and no interaction between factors was obtained. The results of the coherence analysis showed that only two subjects in each group presented values above the CL for the lowest frequency (0.1 Hz). On the other hand, 12 young and 10 older adults showed significant coherence for both 0.3-Hz and 0.5-Hz frequencies. Similar to the gain results, no significance was obtained for both group and condition factors and interaction between these factors.
Correlation between proprioceptive and balance assessments
No significant correlation between MSA (CM condition) and RT was observed (P > 0.05).
DISCUSSION
This study aimed to investigate whether the application of subsensory electrical noise over the posterior region of the legs improves kinesthetic function, leading to a reduction in the threshold for perception of ankle passive motion and an improvement in postural control performance in young and older adults. The results showed that the application of noise improved both kinesthetic perception and postural assessments, the latter being dependent on the task demand. Despite no significant differential effects of ES stimulation were obtained between age groups, older adults tended to benefit more from the electrical stimulation than young adults.
Effect of SR stimulation on kinesthetic perception
Considering that the level of noise applied over the limbs was subsensory, cognitive influences on the response time to kinesthetic perception can be ruled out. Alternatively, recruitment of afferent receptors that were initially non-responsive to passive movement is postulated as one contributor mechanism for the increased perceptual sensitivity and reduced response time during electrical noise stimulation. Prior studies in humans provided evidence that mechanical noise changes the encoding of sensory receptors (Cordo et al., 1996; Ribot-Ciscar et al., 2013) . Using microneurography, Ribot-Ciscar et al. (2013) showed that the activity of muscular spindles was triggered or improved when mechanical noise was applied to the ankle tendons during slow imposed ankle movement. None of the cutaneous receptors identified by this method responded to movement and noise. In addition, subjects enhanced the ability to detect the direction of the ankle movements imposed with a 0.04°/s velocity. We suggest that similar neurophysiological mechanisms may explain our findings. However, since we used electrical stimulation, we cannot assure that muscular receptors were selectively recruited with the application of noise and no cutaneous sensors contributed to the perceptual sensitivity enhancement. Furthermore, besides peripheral mechanisms, higher centers of the nervous system could also be involved. This assumption is based on studies showing a cross-modal SR effect on psychophysical and electrophysiological experiments, which hypothesize that initial subthreshold neurons located at brain regions can exhibit firing activity once the noise enters in the periphery (Manjarrez et al., 2007; Lugo et al., 2008; MendezBalbuena et al., 2015) . Accordingly, projections between unimodal and multimodal brain areas would facilitate the SR effect to be transmitted from one sensory modality to another modality (Mendez-Balbuena et al., 2015) . Based on this assumption, the effects of electrical noise stimulation on different receptors and axons could have propagated to higher levels of the nervous system and activated neurons located at the brainstem or cortical areas involved in processing proprioceptive (and cutaneous) information.
Similar SR effects between young and older adults during proprioceptive assessment
The longer response time to perception of slow passive ankle movement in aged individuals confirms the results obtained in our previous studies Barela, 2010, 2014; Toledo et al., 2016a) . One novel finding from the current study refers to the effect of the external subsensory electrical noise on the kinesthetic perception, which led to a reduction of the response time in both groups. Contrary to the expectations, no age-related differential effects of SR stimulation were observed. Perhaps an optimal stimulation intensity for each subject could lead to statistically significant differential effects between young and older subjects as SR phenomena in sensorimotor systems is characterized by an inverted U-like graph of the performance as a function of noise intensity (Magalhaes and Kohn, 2011; MendezBalbuena et al., 2012; Trenado et al., 2014) . Focusing on a putative application of noise-enhanced sensorimotor function for older subjects or specific patients, it would be interesting to investigate if indeed the efficacy would increase if the optimal intensity of stimulation is used for each subject. The search for optimal individual stimulation intensities was not adopted in this work because this procedure would have prolonged significantly the duration of the experiment, causing tiredness, especially in older adults, which could have influenced their performance. We adopted as stimulus intensity 90% of the individual sensory threshold based on previous studies that showed that this intensity is effective in attenuating postural sway in comparison to the condition with zero noise-level stimulation (Priplata et al., 2006; Magalhaes and Kohn, 2012; Dettmer et al., 2015) .
SR effects on postural control
The results showed that subsensory electrical noise led to decreased postural sway depending on the task demand, i.e., with unpredictable complex movement of the visual field. We expected that young adults would improve postural control with the application of SR stimulation only in more demanding tasks and our results confirmed this hypothesis. No significant SR effect in postural stability was obtained for the condition with eyes closed, however sway parameters in older adults tended toward those of young adults when SR stimulation was added. Whereas the interaction analysis showed age-related significant differences only without noise stimulation, inter-individual variability may have accounted for the non-significant main age effect in this condition. Conversely, previous studies reported that mechanical SR stimulation during upright stance with eyes closed can be significantly more effective in older adults in comparison to young adults (Priplata et al., 2002; Wu et al., 2007; Dettmer et al., 2015) . Besides the different postural measures adopted in these different studies, it is possible that individual adjustments of noise stimulation are less crucial for obtaining significant effects when mechanical noise is used, in comparison to electrical noise. Furthermore the nature of the stimulus itself (mechanical versus electrical) may contribute to the different findings.
For the sensory conflict conditions, similar results between the age groups were observed, with both groups showing no SR effects for the simple movement condition and increased stability with the addition of SR stimulation for the complex movement condition, in comparison to the NES condition. Despite the larger sway amplitude observed in older participants in the complex condition, this group was not significantly more affected by electrical noise stimulation than young adults were. Different outcomes between conditions with respect to SR effects might be related to the task demand, in which specific reweighting processes may be involved in each situation (Prioli et al., 2006; Toledo and Barela, 2014) . In this sense, improvement of proprioception feedback seems to be relevant for postural stability depending on the importance attributed to this sensory subsystem in comparison to other sensory sources (e.g., vision). When dealing with a simple periodic movement of the visual field, the strong coupling of postural oscillations to the visual manipulation (gain and coherence values close to 0.9) suggests that, in this particular condition, visual information was more relevant than the other systems for controlling posture. It seems that the postural control system decreases the relative weight of proprioceptive inputs due to an exquisite sensitivity to periodic optic flows. In contrast, during unpredictable room movement, there could have been a saturation of the postural response to the increased frequency content and peakto-peak amplitude of the optic flow (Peterka and Benolken, 1995) , resulting in an increased relative importance of proprioceptive and vestibular inputs.
Moreover, the SR effects on sway amplitude but not on gain and coherence variables observed in the CM condition indicated that body sway was reduced due to the application of noise stimulation, but was still influenced by the visual manipulation. Absence of significant coherence at the lowest frequency of room movement (0.1 Hz) was also observed for this condition. This is consistent with previous research results (Dijkstra et al., 1994; Musolino et al., 2006) which suggested that postural sway is more sensitive to higher optical flow frequencies. A further rationale behind task-specificity results could be the amount of attention directed onto the proprioceptive system. Earlier electrophysiological findings evidenced that directing attentional focus to the task increases the speed of proprioceptive stimulus evaluation (Kida et al., 2003; Toledo et al., 2016a,b) . In our previous studies we have provided evidence of increased cognitive effort (augmented event-related desynchronization) in both young and older adults in order to respond faster to the kinesthetic perception (Toledo et al., 2016a,b) . This represents an important strategy, especially in older adults, who need to compensate for somatosensory loss (e.g., delayed stimulus arrival at the cortex) as well as cognitive deficits (e.g., reduced selective attention). Furthermore, the rate of muscle spindle firing was shown to be modulated by attention in humans (Hospod et al., 2007) . According to these findings, greater proprioceptive acuity could be provided by changes in the fusimotor control when attention was selectively directed onto proprioceptive recognition. In this regard, the condition with complex room movement might be more sensitive to small proprioceptive signaling changes in comparison to the other conditions also due to an increased attentional involvement. In fact, several subjects from both groups suspected that a visual manipulation occurred during the complex movement, but not during the simple movement, although this feeling was mostly described as a self-motion perception. The assumption of the influence of attention on the reweighting process is in accordance with a previous study of ours, which showed that body sway is differently controlled based on the awareness about the room movement (Barela et al., 2009) .
In the present study, we have manipulated the visual system to cause a sensory conflict between the various sensory inputs and observed how stochastic resonance of the proprioceptive system could help compensate such manipulation. A different protocol could manipulate the proprioceptive system and investigate if SR effects could improve the performance of either of the two other main sensory subsystems (vision or vestibular feedback). Even though the contribution of the vestibular system to postural control can be noisy and weak during quiet or mildly perturbed stance (Mergner et al., 1993; Fitzpatrick and McCloskey, 1994) , significant effects of stochastic galvanic vestibular stimulation on postural control were observed by recent studies with healthy young adults (Mulavara et al., 2011; Goel et al., 2015) as well as in individuals with Parkinson's disease (Pal et al., 2009; Samoudi et al., 2015) . We suggest that SR stimulation at the vestibular level could also improve the resolution of the sensory conflicting situation generated by room movement and improve postural stability. Furthermore, postural sway could be reduced even more with a combination of electrical noise stimulation of two or more sensory systems.
Non-significant correlation between proprioceptive and postural measures
The non-significant correlation between response time and body sway observed in this study indicates that the effectiveness of the application of noise during the postural task (decreased MSA during CM condition) could not be estimated from the proprioceptive functional results (reduced RT). This finding could be attributed to methodological issues, especially with respect to differences in the body configuration between the tasks. Previous studies considered that active fusimotor drive (via gamma efferent system) could improve the quality of afferent information originated from muscle spindles (Bergenheim et al., 1995; Tock et al., 2005) . Accordingly, increased asynchronous activity of extrafusal muscle fibers would increase the sensitivity of intrafusal fibers (Fallon et al., 2004) , presumably acting as an intrinsic source of noise controlling for SR of the proprioceptive system. If so, a combination of internal and external noises (a-c co-activation during muscle contraction and external electrical noise stimulation, respectively) that occurred during upright stance might improve afferent proprioceptive signaling differently from the situation without muscular contraction (proprioceptive assessment). Furthermore, the proprioceptive assessment was performed with the leg flexed, i.e., the gastrocnemius muscles were disengaged. Under this condition, afferent signaling from the triceps surae might be attenuated in comparison to the extended leg case. Apart from body configuration, other factors could be also considered, such as the cognitive involvement in each task and the parameters for electrical stimulation. The indirect effects of SR on force control is thought to be dependent on the frequency spectrum of the noise (Trenado et al., 2014) , which could be task specific.
Clinical implications
This study showed that a sample of a population with decreased kinesthetic perception (higher response times to perception of ankle rotation) related to aging can benefit from the application of an external noise stimulus. The subsensory stimulation is supposed to facilitate the transmission of information on the positioning of body segments. Since the mean decrease in response times for the older group was 120 ms, this should result in improvements in balance recovery and in avoiding falls. In addition to earlier responses, improved quality of sensory signaling and processing with SR would contribute to the effectiveness of sensorimotor processing, leading to selection of appropriate motor response. However, it is questionable whether functional benefits would be also obtained in realistic environmental conditions, which have several distracters and physical constraints. Dettmer and colleagues (2016) recently showed that postural stability in a group of older adults was unchanged by mechanical noise applied through insoles (Dettmer et al., 2016) . On the other hand, Lipsitz et al. (2015) showed that vibratory noise applied to the sole of the foot improved the performance in more dynamic tasks (i.e. timed up-and-go and gait) in older adults (Lipsitz et al., 2015) . The current study showed that subsensory electrical stimulation over the legs can increase postural stability during quiet standing depending on the sensory situation. Thus, further studies are needed to determine the most appropriate parameters and stimulation sites that result in balance improvements in more realistic situations. Furthermore, the duration of the effects and habituation also need to be investigated. Once these aspects are well established, fragile subjects could benefit from noise stimulation applied by electrodes fixed directly on specific body segments or applied through assistive devices (e.g. canes, walkers) and insoles. For those impaired individuals who adhere to training and rehabilitation programs, advantage from SR stimulation approaches could be even more relevant. Indeed, the combination of electrical noise stimulation with functional rehabilitation training has been shown to optimize the improvement of posture control in subjects with ankle instability, compared to functional training without stimulation (Ross et al., 2007) . Studies in this aspect may help not only aged individuals and patients with degenerative diseases to benefit more from therapies, but could also optimize sport training gains of young athletes.
CONCLUSIONS
The results of the current study provide evidence that proprioceptive function can be improved in both young and older adults with the application of subsensory electrical noise. Enhancement of kinesthetic perception and increased postural stability are believed to be related to improved encoding of afferent information by sensory neurons when the electrical noise is applied on the lower limbs. The noise stimulation may act not only on peripheral receptors, but also on neurons located at higher levels of the central nervous system (which receive and process the activity evoked on axons of the peripheral nervous system by the stimulation), contributing to better signaling, transmission and processing of sensory information originating from the ankle joint. However, the functional findings of this study are still premature to indicate practical applications of this stimulation method for improving somatosensory function in daily life. Further investigations should consider the task-specificity effectiveness of stochastic resonance stimulation, as well as the optimum stimulation parameters for more substantial functional improvements.
